Parameters examined included amplitude levels (0.4µm, 7.5 µm, 37.5 µm), treatment 23 time, cell condition (non-adapted cells, acid adapted cells), liquid media (TSB, model 24 orange juice and model apple juice) and E. coli strain (ATCC 25922, NCTC 12900) . 25
The efficacy of ultrasound treatment was found to be a function of amplitude level, 26 treatment time and media (p<0.05). The kinetics of inactivation followed zero order 27 kinetics (R>0.95), with the highest inactivation achieved using an amplitude of 37.5 28 µm. The D-values of E. coli 25922 at all amplitudes in model orange juice were not 29 significantly different than in TSB media. However, at 0.4µm and 37.5 µm amplitude 30 D-values of E. coli 12900 were significantly different in model orange juice compared 31 to TSB media. When efficacy of ultrasound was assessed in model apple juice and 32 phosphate buffered saline treatment times were significantly reduced by comparison 33 with TSB. Inactivation of E. coli was found to be influenced by strain, prior acid 34 adaptation and suspension liquid, but the effect was negated at the higher amplitude 35
levels. 36
Industrial relevance: To facilitate the preservation of unstable nutrients many juice 37 processors have investigated alternatives to thermal pasteurisation, including un-38 pasteurised short shelf life juices with high retail value. This trend has continued 39 within the European Union. However within the US recent regulations by the FDA 40 have required processors to achieve a 5-log reduction in the numbers of the most 41 resistant pathogens in their finished products. This rule comes after a rise in the 42 number of food borne illness outbreaks and consumer illnesses associated with 43 consumption of untreated juice products. Pathogenic E. coli may survive in acid 44 environments such as fruit juices for long periods. Ultrasound has been identified as 45 
Acid adaptation of bacterial cultures 138
Acid-adapted cells were prepared using the protocol by Leyer et al. (1995) with some 139 modifications. Cultures of the appropriate E. coli strain, grown from a single colony 140 in 5 mL TSB at 37ºC for 18h, were harvested by centrifugation (5000rpmX12min) 141 and washed twice with sterile phosphate buffered saline (PBS, Oxoid, U.K). The 142 pellet was re-suspended in 10 ml TSB (pH 5.0, adjusted with 1N HCl) and incubated 143 at 37ºC for periods of 1 h, 4 h or18 h. Model apple juice (MAJ) was prepared in the laboratory as per the method described 152
by Reinders, Biesterveld and Bijker, (2001) . The composition of MAJ per 1000 ml 153 was as follows: fructose: 66 g; glucose: 22 g; sucrose: 27 g; sorbitol: 6.0 g; malic acid: 154 6.0 g; sodium citrate: 0.07 g; K 2 HPO 4 :3H 2 O: 2 g. 155
Power ultrasound treatment 156
Samples (50 ml) were sonicated in a 100 ml glass beaker using a VC750 ultrasound 157 generator (Sonics and Materials, Inc., Newtown, Conn., U.S.A.) fitted with an 158 autoclavable 13 mm diameter ultrasound probe attached to an ultrasound transducer. 159
Samples were processed at a constant frequency of 20 kHz. The measurement of the 160 amplitude is an indication of the ultrasonic cavitation is reported to be a reliable 161 method for indication of the ultrasound power (Tsukamoto, Yim, Stavarache, Furuta, 162 Hashiba & Maeda, 2004) . Before and after each experiment, the ultrasound probe was 163 sterilized by washing with Virkon (DuPont), followed by thorough rinsing with sterile 164 water. Amplitude levels of 0.4µm, 7.5µm and 37.5 µm with pulse durations of 5 s on 165 and 5 s off were applied for up to 15 minutes. An ice bath was used to dissipate the 166 heat generated during ultrasound treatment, and temperatures were maintained below 167 30°C. 168 9
Microbiological Analysis 169
Samples were removed for analysis at 3 min intervals and serially diluted in 170 maximum recovery diluent (MRD, Scharlau Chemie). 0.1 ml aliquots of appropriate 171 dilutions were plated on TSA and incubated at 37ºC for 24h. D-values were calculated 172 using linear regression of the survivor curves for each ultrasound treatment. 173
Statistical analysis 174
Statistical analysis was performed using SPSS 15.0 (SPSS Inc., Chicago, U.S.A). 175
Data represent the means of experiments performed in duplicate and replicated at least 176 twice. Means were compared using ANOVA followed by LSD testing at p < 0.05 177 level. 178 179
Results 180

Effect of ultrasound amplitude level on inactivation of E. coli strains 181
The inactivation of both E. coli populations was found to be dependant on the 182 amplitude levels (p<0.05). During ultrasound treatment, a linear response with 183 exposure time was observed. Total inactivation of E. coli cells was achieved using 184 37.5 µm amplitude ( Fig.1 a, b ). Both strains of E. coli studied (E. coli ATCC 25922, 185 E. coli NCTC 12900) were found to be sensitive to sonication (p<0.05). An amplitude 186 of 0.4µm reduced E. coli ATCC 25922 by 1.2 log cycles (Fig. 1a) and E. coli ATCC 187 12900 by 1.1 log cycles (Fig. 1b) within 15 minutes. Ultrasonication for 15 minutes 188 at 7.5 µm amplitude resulted in reduction of E. coli ATCC 25922 by 4.4 log cycles 189 (Fig. 1a) . Similarly, strain NCTC 12900 was reduced by 4.7 log cycles after 190 ultrasound treatment of 15 minutes at 7.5 µm (Figure 1b value of E. coli NCTC 12900 was higher than that of strain ATCC 25922. The time 194 required to achieve inactivation by 5 log cycles (t 5d ) for strain 25922 were 68.6 min, 195 17. 2 min and 11.1 min at 0.4µm, 7.5 µm and 37.5 µm amplitude levels, respectively. 196
For strain NCTC 12900 the t 5d values were 76.3 min, 15.2 min and 13.8 min at 0.4µm, 197 7.5 µm and 37.5 µm amplitude levels, respectively. Both strains responded similarly 198 to increasing amplitude levels, but at 37.5 µm amplitude level there was a significant 199 difference between D-values of the two strains (p < 0.05). 200
Effect of acid adaptation on inactivation of E. coli strains 201
Ultrasound treatment at 37. were no significant differences in the inactivation of E. coli with regard to prior acid 221 adaptation at 0.4µm amplitude. However, at 7.5 µm amplitude, increased time of acid 222 adaptation was associated with higher D-values ( Table 2 ). The t 5d values for 1 h, 4 h 223 and 18 h acid adapted E. coli 25922 were in the range of 44.1-70.8min, 16-16.7 min 224 and 10.6-14.9 min at 0.4µm-37.5 µm amplitude, respectively. For 1 h, 4 h and 18 h 225 acid adapted E. coli 12900 the t 5d values were in the range of 67.4-12.8 min, 78.9-13 226 min and 67.4-13.5 min, at 0.4µm-37.5µm amplitude, respectively. Generally 227 ultrasound treatment with 7.5 µm and 37.5 µm amplitude resulted in greater 228 inactivation levels than with 0.4µm amplitude indicating an increased inactivation 229 efficacy at higher amplitude levels. 230
Ultrasound inactivation of E. coli strains in model orange juice 231
Ultrasound inactivation of both E. coli strains in model orange juice was dependant on 232 the level of amplitude applied (p<0.05). As with TSB, ultrasound treatment in model 233 orange juice gave a linear response with exposure time. Ultrasound amplitudes of 234 7.5µm and 37.5 µm caused total inactivation of E. coli ATCC 25922 within 15 235 minutes. However, in the case of E. coli NCTC 12900, amplitudes of 7.5µm and 37.5 236 µm resulted in a 2.5 log reduction and a 2.7 log reduction respectively. Both strains of 237 E. coli studied (E. coli ATCC 25922, E. coli NCTC 12900) were found to be sensitive 238 to ultrasonication within model orange juice (p<0.05). Using 0.4µm amplitude E. coli 239 ATCC 25922 was reduced by 1 log cycle and E. coli ATCC 12900 by 1.1 log cycles. inactivation was achieved within 6 and 3 minutes respectively. 252
Discussion 253
Ultrasound inactivation of both E. coli strains examined in this study showed a greater 254 than 5 log reduction with increasing level of amplitude in 15 minutes or less. For this 255 work, the level of amplitude employed was taken as an indication of the ultrasonic 256 power intensity. Ultrasound treatment with 7.5 µm or 37.5 µm amplitude displayed a 257 strong influence on the rate of E. coli inactivation in TSB, as shown in Figures 1a and  258 1b. It has been previously reported by several investigators (Baumann, Martin & Feng 259 2005 , Villamiel & de Jong, 2000 that ultrasound processing of liquids is most 260 effective in combination with mild heating. However, in this study an ice bath was 261 used to dissipate the heat generated during treatment in order to evaluate the 262 inactivation effects of ultrasound alone. At 37.5 µm amplitude, E. coli ATCC 25922 263 was reduced by 5.9 log cycles and E. coli NCTC 12900 by 5.6 log cycles within 15 264 minutes of ultrasound treatment. This inactivation results from a combination of 265 physical and chemical mechanisms which occur during cavitation. At higher 266 13 amplitude levels, corresponding to higher ultrasound intensities, the inactivation rate 267 was enhanced in both E. coli strains, in accordance with previous studies that found 268 that increasing the acoustic energy density, another indication of ultrasonic power 269 intensity, increased the inactivation of foodborne pathogens (Hua & Thompson, 2000, 270 Ugarte-Romero, Feng and Martin, 2007) . There was only a marginal increase in the 271 efficacy of ultrasound at 37.5 µm amplitude levels when compared to 7.5 µm level. 272
Thus, in a processing context, it may be desirable to use 7.5 µm amplitude, as it was 273
shown previously that the quality parameters of orange juice change as a function of 274 2004). Consequently, in this study both E. coli strains were subjected to prior acid 282 adaptation at pH 5.0 to examine for any effects on the efficacy of ultrasound 283 treatment. When E. coli ATCC 25922 was acid adapted for 18 h, an increased 284 resistance to ultrasound treatment at 37.5 µm amplitude was observed. However, the 285 non-adapted control strain showed sensitivity to treatment at 7.5µm and 37.5µm 286 amplitude, thus indicating that the longer acid adaptation of 18 h increased the 287 resistance to ultrasound treatment. All prior acid adaptation treatments of E. coli 288 NCTC 12900 increased the resistance of the organism to ultrasound treatment at 7.5 289 µm amplitude but no effect was evident at the other amplitudes. Acid adaptation 290 involves changes in protein expression profiles (Huang, Tsai & Pan, 2007) and 291 14 membrane lipid composition (Yuk & Marshall, 2004) . This could alter the 292 physiological state of the cells enabling them to withstand cavitation effect for a 293 longer duration than the control cells. For both strains, there was a dominant effect 294 where increasing the levels of amplitude (7.5 µm and 37.5 µm) of the ultrasound 295 treatment negated any cell condition effects. 296
Ultrasound inactivation of bacteria has been found to be dependent upon the solution 297 which is under study. Salleh-Mack & Roberts, (2007) investigated the effect of 298 varying concentrations of soluble solids on the efficacy of ultrasound inactivation of 299 E. coli ATCC 25922, and found that solutions with higher soluble solids required a 300 longer time to achieve a higher inactivation. In this study, this effect was not found for 301 E. coli ATCC 25922 as the D-values for TSB, a complex media, were similar to the 302 D-values for model orange juice, a simpler solution. However, in E. coli NCTC 12900 303 this effect was found at all amplitude levels examined. So, differences in the two E. 304 coli strains seem to effect the efficacy of ultrasound treatment in model orange juice. 305
The survival of the non-toxigenic strain of E. coli O157:H7 used in this study was 306 greater than that for the generic strain of E. coli used and this effect was enhanced 307 following acid adaptation for 18h. Although the non-toxigenic strain of E. coli 308 O157:H7 had greater survivial capabilities, the application of power ultrasound 309 resulted in a > 5log reduction within 15 minutes. Temperatures employed in this 310 study were maintained below 30ºC so as to utilize lower processing temperature than 311 that used for thermal pasteurization. 312
Conclusion 313
The results of this study indicate that power ultrasound treatment has potential for 314 inactivation of key microorganisms of concern in fruit juice processing. Ultrasound 315 treatment alone can be effective for inactivation of E. coli that has been exposed to 316 prior acid stress or adaptation, such as those encountered in acidic products such as 317 fruit juices. Although a higher level of ultrasound amplitude negated the enhanced 318 survival of the acid adapted non-toxigenic strain of E. coli O157:H7, it remains 319 important to take the higher D-values observed into account during process design. 320
Further studies are merited to investigate the mechanism of resistance of acid adapted 321 cells to ultrasound treatment. For fruit juice processing, the parameters such as fruit 322 juice type, presence of pulp, viscosity will be important factors in determining the 323 inactivation rate and treatment time to achieve the desired log reduction. Inactivation 324 of greater than the 5 log level reduction required by the FDA ruling (USFDA, 2001 ) 325 occurred without the use of extra heating. This is very relevant to the processing of 326 fruit juice as it is desirable to maintain low processing temperature to retain the 327 quality characteristics of fresh juice, and to maintain energy efficiency. 
